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Exploring the Profiles of ROS1 Tyrosine Kinase: A Structural Analysis of

G2032R and D2033N Mutations

Abstract

Background: ROSI, a proto-oncogene, drives cancer through chromosomal fusions. The
G2032R and D2033N mutations, common in ROSI-rearranged non-small cell lung cancer, hinder
crizotinib treatment. We investigate these mutations’ impact on ROS1 structure through molecular
dynamics (MD) simulations, revealing destabilization. Our findings shed light on how these
mutations contribute to cancer development. Materials and Methods: The crystal structure of
human ROS1 (PDB ID: 7z5x) served as the template for homology modeling and further mutation
insertion of G2032R and D2033N substitutions introduced using Swiss-PdbViewer. The MD
simulations were conducted on the wild-type (WT) and mutant ROS1 kinase domains to explore
the structural changes and interactions. Results: The initial model of the human ROSI crystal
structure was constructed, incorporating missing loop residues and then utilized for the MD
simulation studies. The examination of conformational changes in WT, G2032R, and D2033N
mutant ROS1 proteins involved observing alterations in the C-alpha protein. We observed that the
mutations resulted in deviations in the MD trajectory over the 500 ns period. Consequently, the
MD simulations unveiled significant conformational changes induced by the G2032R and D2033N
mutations, affecting protein stability and dynamics, particularly in regions such as the ATP binding
and active sites. Conclusion: Our study constructed an initial model of the human ROS1 and used
it for MD simulation studies to examine the conformational changes in ROS1 mutants. Notably, our
observations revealed that the mutations caused deviations in the MD trajectory. The G2032R and
D2033N mutations significantly alter ROS1 structure, affecting its stability and dynamics, offering
key insights into their role in cancer disease development.
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in essential cellular processes and signal
transduction.') However, genetic alterations
in the ROSI gene, such as mutations
or fusions, can lead to its constitutive
activation, turning it into an oncogenic
driver.'*!31 Cancer is a major contributor
to global mortality, with nearly 10 million
deaths recorded in 2020 according to
the World Health Organization (WHO).
Among the most commonly diagnosed

cancers in 2020 were breast (2.26 million
small cell lung cancer (SCLC), another cases), lung (2.21 million cases), colon

i (571
main_type of lung  cancer, .NSCLC and rectum (1.93 million cases), prostate
encompasses several subtypes, including (141 million cases), non-melanoma

adenocarcinoma, squamous cell carcinoma, . e
> 89 ’ skin (1.20 million cases), and stomach

and large' cF:ll [(8:291]r01n0ma, each with unique cancers (1.09 million cases) (WHO,
characteristics.®”’ The ROS1 gene, a 2020) 11617

proto-oncogene, encodes for the ROSI
protein, which belongs to the family In a subset of NSCLC cases, ROSI
alterations, including gene fusions and

of receptor tyrosine kinases.'*"") Under
normal circumstances, ROSI is involved  mutations like G2032R and D2033N, have
been identified.l'®?!! These alterations result

in abnormal ROSI1 signaling, contributing

Introduction

Lung cancer is among the deadliest
malignancies worldwide, with a mortality
rate exceeding that of colon, breast,
and pancreatic cancers combined.!'?
Non-small cell lung cancer (NSCLC) is
a type of lung cancer that constitutes
the majority (approximately 85%) of all
lung cancer cases.’* It originates in the
tissues of the lung and is distinct from
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to the initiation and progression of NSCLC.?2 When ROS1
is aberrantly activated in NSCLC, it stimulates oncogenic
signaling pathways that promote uncontrolled cell growth
and proliferation.l'>!] This unregulated cellular activity is a
hallmark of cancer progression. Due to the specific role of
ROSI1 alterations in NSCLC, targeted therapies have been
developed to address these oncogenic effects. Tyrosine
kinase inhibitors (TKIs), such as Crizotinib, have shown
efficacy in inhibiting the constitutive activity of the ROSI
kinase domain, providing a targeted approach for treating
ROS1-positive NSCLC. 152323

In this investigation, we comprehensively analyze
root mean square deviation (RMSD), root mean
square fluctuation (RMSF), radius of gyration (Rg),
solvent-accessible surface area (SASA) and conformational
dynamics, free energy landscape (FEL), molecular motions,
and configurational frustration in both wild-type (WT) and
mutant ROS1 structures using molecular dynamics (MD)
simulation. The G2032R and D2033N mutations induce
notable alterations in C-alpha orientation, compactness,
residual fluctuation, and solvent accessibility, signifying an
overall destabilization of the protein structure. The essential
dynamics, conformational magnitude, direction of motion,
and frustration analyses further support the observation
of structural loss in ROS1 due to these mutations. FEL
analysis reveals a single well-defined minimum in the case
of WT, while multiple wells define free energy minima
in G2032R and D2033N, strongly suggesting reduced
stability of ROS1 due to the mutations. This study provides
insights into the molecular basis of G2032R and D2033N
mutant-mediated cancer development.

Materials and Methods
Hardware and software

The hardware setup includes a Dell workstation featuring
128 GB of RAM and an NVIDIA GeForce RTX 3070
graphics card with 8 GB DDR6 memory. GROMACS
is utilized for MD simulations, and Xmgrace is chosen
for its superior data visualization and graph plotting
capabilities.?*?”) Molecular visualization of ROS1 protein
structure image generation is carried out using PyMOL.*-%!

Homology modeling and mutation insertion

The human ROS1 protein’s crystal structure (PDB ID: 7z5x)
was taken from the protein data bank (PDB) and used as
the template of the starting model for simulations.*3!1 The
reconstruction of missing loop residues (2101-2123) was
conducted using the Swiss Model server, and the modeling
process was facilitated through SWISS-MODEL.3?! The
ROSI1 protein structure (PDB ID: 7z5x) was examined for
detrimental mutations, and their locations were pinpointed
within the structure. Mutant was created by substituting
residues G2032R and D2033N using Swiss-PdbViewer."*!

Molecular dynamics simulations

The ROSI1 kinase domain structure was initially modeled
and mutations, including G2032R and D2033N, was chosen
to investigate their potential impact on the functionality
of ROSI kinase domains, encompassing modifications in
structure, stability, dynamics, and interactions. Subsequently,
MD simulations were conducted on both the WT and
mutant (G2032R and D2033N) ROS1 kinase domains
to explore the local conformational space.* The kinase
domains were solvated with TIP3 water at 300 K and 1
atmosphere pressure, employing a simulation cell with a
minimum distance of 5 angstroms in all the directions from
the protein.?s Electrostatic interactions were computed using
the particle mesh Ewald simulation method, employing
a short-range electrostatic cutoff of 10 angstroms.*® A
similar 10-angstrom cutoff was applied for Van der Waals
interactions during the simulation.®” The system underwent
an initial energy minimization using steepest-decent and
conjugate gradient algorithms over 5,000 steps. Subsequently,
solvent and ions underwent equilibration for 100 ps within
constant pressure (Number of particles [N], Pressure [P], and
Temperature [T] [NPT]) ensembles with the protein substrates
harmonically restrained using a force constant of 1,000 kJ
mol ' nm™. Finally, both the WT and mutant systems (G2032R
and D2033N) underwent a 500 ns MD simulation.

The RMSD in GROMACS is calculated using the following
equation:

1
RMSD—\/ﬁZ?IWi-IrI--rf i

* N is the total number of atoms or residues
* wi is an optional weight for each atom or residue
 ri is the instantaneous position vector of atom or residue

0 . .. .
» 1 is the reference position vector of atom or residue.

This equation calculates the RMSD, which measures the
average deviation of atomic or residue positions between
the simulated structure and a reference structure (usually
the initial or a target structure) over a trajectory. The
summation is over all atoms or residues, and the result is
the square root of the average of the squared deviations,
providing a measure of structural deviation.

Similarly, the RMSF in GROMACS is calculated using the
following equation:

1 ¢

Where:

* N is the total number of atoms or residues

+ JOxij is the deviation of the position of atom or residue i
along the trajectory from its average position

» The average ()() is taken over the trajectory.

This equation computes the RMSF for each atom or
residue, representing the average fluctuation or mobility
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of each position during the simulation. RMSF provides
insights into the flexibility or stability of specific regions
within a biomolecular system.

Essential dynamics

To gain a more profound understanding of the collective
atomic dynamics of WT-ROSI1 and its variants G2032R and
D2033N, Principal Component Analysis (PCA) or essential
dynamics was conducted using the GROMACS software.?%3
The computation of eigenvectors and eigenvalues, along
with the projection along the first PC1 and PC2, adhered to
the established protocols. Atomic coordinates extracted from
trajectories were scrutinized to generate a covariance matrix,
elucidating the amplitude of dynamic motions. The atomic
motions corresponding to each set of eigenvalues delineate
the direction of protein dynamics. The dynamic motions of
WT-ROS1, G2032R, and D2033N throughout the trajectories
were computed by plotting the highest amplitude of atomic
motions represented in the first two eigenvalues. PCA within
GROMACS offers insights into the predominant motions
within a molecular system, facilitating comprehension of
conformational changes and dynamics.

Results

The SWISS-MODEL is a web-based integrated platform
specifically designed for homology modeling of
protein structures. Considering the deficient amino acid
information in the ROS1 protein structure, we retrieved the
crystal structure of human ROSI1 from the PDB ID: 7z5x
to serve as a template for constructing the initial models
used in the simulation. Missing loop residues 2101-2123
were reconstructed through the Swiss Model server. The
modeled loop region is depicted as an orange surface
view [Figure la]. The ROSI structure displays mutations at
positions G2032R and D2033N.

The mutations were created with in the model structure,
and Swiss-PdbViewer was used to change the protein
amino acids to reflect the mutations [Figure 1b]. The
mutant structure underwent optimization and energy
minimization employing the GROMACS force field. Three

Figure 1: A comparison of the missing loop of ROS1 in the crystal structure
with the modeled structure is shown in (a), with the modeled loop depicted
as an orange surface view. The mutation positions G2032R and D2033N in
the mutant ROS1 structure are highlighted in (b)

distinct simulations were conducted, encompassing the WT
and two mutated models.

Single amino acid substitutions in proteins can exert profound
effects on their stability, folding kinetics, and physiological
functions. We focus to understand the impact of ROSI
mutations, G2032R and D2033N, associated with cancer.

The investigation aims to understand how both
normal (WT) and changed (mutant) ROS1 proteins behave
over time, focusing on how their shapes change. Our
findings reveal notable distinctions in the conformational
dynamics between the WT and mutant ROS1 proteins.
Specifically, the G2032R and D2033N mutations induce
discernible changes in the structural behavior, indicating
potential implications for the physiological functions of
ROSI in the context of cancer.

We perform MD simulations to understand structural
dynamics, specifically focusing on assessing C-o. structure
RMSD and compactness. The structural differences between
WT and mutant variants were studied using 500 ns MD
simulations. The substitution of the polar uncharged glutamine
at the G2032R position with a nonpolar, aliphatic Glu to
form the mutate Arg with characteristics of being basic,
polar, and positively charged not only influences the protein’s
charge potential but also induces considerable conformational
changes in its structure. Furthermore, the D2033N mutation,
involving the acidic, negatively charged Asp mutated to the
polar and hydrophilic Asn, also has discernible effects on the
structural and functional aspects of the ROS1 protein.

The examination of the conformational changes in WT and
mutant ROS1 proteins involved the observation of alterations
in the C-alpha protein. Initially, all systems underwent
equilibration during the initial 50 ns of MD simulation. The
RMSD analysis revealed an initial rise in RMSD during the
early stage of simulation, reaching a peak around 150 ns.
Specifically, for the G2032R mutation, the RMSD trajectory
increased steadily from 50 ns to 120 ns and experienced a
slight dip at 372 ns, followed by a minimal increase in motion
in the trajectory from 375 to 500 ns in the MD simulation.
Similarly, in case of the D2033N mutation, a substantial
deviation was observed at 200 ns, 300 ns, and 400 ns of the
MD simulation [Figure 2a]. The computed average RMSD
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Figure 2: Molecular dynamics simulation was conducted for both the native
ROS1 in the crystal structure and the mutant structure with mutations at
positions G2032R and D2033N. Analysis included a root-mean-square
deviation plot (a) and a root-mean-square fluctuations plot (b). Different
curves in the figures are denoted by distinct colors. WT: Wild-type
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values for ROS1-WT, G2032R, and D2033N were 0.277 nm,
0.364 nm, and 0.343 nm, respectively [Table 1]. This
observation distinctly indicates a nonsignificant alteration in
protein conformation because of the mutation.

For in-depth insights, we conducted an analysis of the
residual fluctuation of each amino acid in both the WT
and mutant structures of ROSI. We have examined
the RMSF profiles for both the WT and the G2032R
and D2033N mutants. The fluctuation values for each
residue were analyzed throughout the simulation. The
substitution of glycine with arginine and aspartic acid
with asparagine-induced changes in the overall fluctuation
pattern of ROSI1 residues. The alterations in ROSI
fluctuation are particularly notable in the ATP binding
site and the active site region. The structural analysis of
G2032R revealed increased amino acid fluctuation, with
residues at positions 2044-2048 exhibiting over 4.2 nm
fluctuation, 2117-2122 displaying around 4 nm fluctuation,
2163-2169 showcasing a 4.9 nm fluctuation, and amino acid
2224-2226 demonstrating variability [Figure 2b]. Similarly,
the D2033N mutation influences the fluctuation of amino
acids in various regions of the protein, including 19541955
with a 3 nm fluctuation, 1969-1971 exhibiting over 4 nm
fluctuation, 20462047 displaying a 4.9 nm fluctuation,
2163-2168 showed a 4.9 nm fluctuation, and 2176-2178
demonstrating around a 3.5 nm fluctuation [Figure 2b].

SASA results obtained and calculated the surface area
of a biomolecule that is accessible to solvent molecules.
It quantifies the extent to which a molecule’s surface is
exposed to the surrounding solvent. SASA values are
computed as part of its analysis, providing insights into the
molecular interactions and dynamics of the system under
investigation. The WT and mutant structures underwent
analysis of SASA, focusing on the core hydrophobic
regions of both systems. A notable change in SASA was
observed. The ROS1-WT, G2032R, and D2033N exhibited
substantial fluctuations in SASA values 163.193, 162.405
nm?, and 162.176 nm?, respectively. The SASA analysis on
mutants demonstrated various changes compared to WT,
with the value distinguishing at 163.193 nm? [Figure 3a].
The fluctuations seen in the SASA results confirm a notable
decrease in the hydrophobic connections between ROSI
protein residues due to the amino acid change.

Table 1: The ROS1-wild-type, G2032R, and D2033N
were assessed for average root mean square deviation,
solvent-accessible surface area, and radius of gyration

values
Average Average Average
RMSD (nm) SASA (nm?) Rg (nm)
ROSI-WT 0.277 163.193 1.88
G2032R 0.364 162.405 1.91
D2033N 0.343 162.176 1.86

RMSD: Root mean square deviation; SASA: Solvent-accessible
surface area; Rg: Radius of gyration; WT: Wild-type

The Rg results represent a metric for assessing the
compactness or dispersion of a biomolecular structure
throughout a MD simulation. Calculated as the root mean
square distance of a group of atoms from their shared center
of mass, Rg provides insights into the structural behavior
of the protein. Our investigation into compactness included
both the WT and mutant structures. The compactness offers
information on structural tightness, which is associated
with protein stability. Throughout the simulation, a slight
reduction in the Rg was observed in the mutant compared
to the WT. Specifically, the average Rg values for G2032R
and D2033N were 1.91 nm and 1.86 nm, respectively,
in contrast to the ROSI-WT Rg of 1.88 nm. The Rg
results demonstrate that the G2032R mutation does not
lead to a significant change in compactness; however,
there is a notable loss of compactness in the case of
D2033N [Figure 3b]. In total, the G2032R mutation does
not induce a substantial alteration in the C-alpha protein
conformation and overall compactness of the protein.

Comparing the residual displacement between the WT
and mutants revealed the molecular deformation in the
ROS1 protein structure. In addition, changes in the FEL
of ROSI-WT, G2032R, and D2033N were investigated
through MD simulations using FEL analysis, as depicted
by eigenvector plots. Comparative analyses revealed the
existence of stable global free energy minima concentrated
within a single basin in the WT. In contrast, mutants, such as
G2032R and D2033N, exhibited broader basins encompassing
diverse conformations characterized by multiple metastable
conformations linked to various energy minima [Figure 4a-c].
By observing, it was clear that mutations made ROSI1 less
stable, affecting how the protein moves. Mutants folded
differently, showing unstable shapes with changed energy
levels. This caused ROS1 to unfold and lose its stability.

Essential dynamics analysis was performed to know the
protein accomplishes its function by collective atomic
motions; therefore, it can be used to describe the important
functions, including their folding, stability, and specific
function. We used PCA to study how ROSI-WT, G2032R,
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Figure 3: Molecular dynamics simulation results of the native ROS1 mutant
structure with mutations at positions G2032R and D2033N. The analysis
encompassed solvent-accessible surface area plot (a) and a radius of
gyration plot (b). Various curves in the figures are distinguished by colors.
WT: Wild-type
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and D2033N mutants move. We focused on the main
collective motions by analyzing the first mode of two
eigenvectors or eigenvalues, which were used to create the
graphs.

Results show that mutants occupy large conformational space
along PC1 and PC2 as compared to WT. The changes in
conformational space possibly arise due to the differences in
their collective residual motion along both the eigenvectors.
The large differences in the collective motion of both systems
suggest that differences in the projection of collective motions
of WT and mutant might disrupt the protein function. The
observable spectral range of the ROS1-WT protein extends
across a recognized cluster within the —1.5 nm to 2 nm range
concerning eigenvector 1 (evl) and the —2—1.5 nm? range
for eigenvector 2 (ev2). Figure 5a clearly indicates that the
G2032R cluster falls within the range of —2-2 nm? for evl
and —3.5-3 nm? for ev2. Conversely, the D2033N mutant
exhibits a cluster within the range of —3-2.5 nm? for evl
and —5-3 nm? for ev2 [Figure 5a].

The plots of RMS Fluctuation 1 and RMS Fluctuation 2
against atom number illustrate the displacement regions
of individual atoms, confirming their motion behavior.
These observations primarily center on the variations in
the flexibility of protein atoms within the residues. It is
evident that certain atoms exhibit elevated fluctuations
throughout the entire trajectory of the MD simulation.
The cumulative evidence leads to the conclusion that
complexes with G2032R and D2033N mutant structures
exhibit heightened fluctuation behaviors compared to the
WT-ROSI protein [Figure 5b and c].

PC1

(a) ROS1-WT
(b) G2032R
(c) D2033N

PC1
[ G (ky/mol) 17.4

Figure 4: Free energy landscape analysis was conducted for both the
wild-type ROS1 (a) and the mutant structures G2032R (b) and D2033N (c).
WT: Wild-type

Additional insights into the flexibility of ROS1 mutations
were gained by analyzing the temporal evolution of changes
in secondary structures for G2032R and D2033N during
500 ns MD simulations, employing the define secondary
structure of proteins (DSSP) program. The WT remained
stable throughout the 500 ns simulation, maintaining
a conserved secondary structure, while the G2032R
and D2033N mutants exhibited subtle conformational
fluctuations during the simulation [Figure 6a-c]. The
observations revealed that in the G2032R mutant, the
beta-sheet at positions 40-50 converted into a coil, the
alpha helix at positions 100-120 converted to a turn, and a
portion of the alpha helices at positions 150-200 converted
to beta-sheet and bend structures compared to WT-ROSI.
This highlights the structural disruption and coil formation
in the G2032R mutation. On the other hand, alterations in
secondary structural elements were noted among residues,
with the beta-sheet at positions 40-50 transforming into a
bend, and the alpha-helices at positions 240-260 converting
into a turn and coil. The protein undergoes distortion
because of the loss of helices and beta sheets.

Furthermore, the analysis of atomic density distribution also
aids in comprehending alterations in atomic orientation,
graphed through the utilization of the densmap script. The
partial density area of the WT-ROS1 remained stable, exhibiting
the minimum values of 3.56 nm™. In contrast, lower densities
were observed for the mutations G2032R and D2033N, within
the range of 1.98 nm™ and 2.4 nm™, respectively [Figure 7].
Therefore, the analysis of density distribution confirmed

== ROS1-WT
-4 == G2032R
=== D2033N

eigenvector 1 (nm)
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Figure 5: Two-dimensional projection plot by molecular dynamics
simulation results were analyzed for ROS1 Wild-type and mutations at
positions G2032R and D2033N in the mutant structure. The analysis
included eigenvector 1 versus eigenvector 2 (a), root mean square (RMS)
fluctuations 1 plot versus atom number for the entire system (b), and the
RMS fluctuations 2 plot (c). All curves in the figures share color schemes.
RMS: root mean square. WT: Wild-type
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50000
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Figure 6: The graphical representation depicts alterations in the propensity of secondary structure elements, illustrating the time evolution of these
elements in the protein at 300 K, classified using DSSP, for both the wild-type ROS1 (a) and the mutant structures G2032R (b) and D2033N (c). WT: Wild-type,

DSSP: Define secondary structure of proteins

y (nm)
y (nm)

x (nm) X (nm)
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(a) ROS1-WT
(b) G2032R
(c) D2033N
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Figure 7: Density distribution analysis was graphed to comprehend atomic
orientation, utilizing the densmap script for the WT and mutant structures
throughout the molecular dynamics (MD) simulations. The density maps of
the MD simulation trajectory analysis for ROS1 wild-type and the mutations
G2032R and D2033N in the mutant structure are illustrated in panels (a-c),
respectively

significant structural transitions, resulting in the destabilization
on amino acid substitution.

Conclusion

ROSI1 mutations, specifically G2032R and D2033N, are
identified as the key contributors to resistance against
crizotinib and lorlatinib. This article emphasizes the urgent
need to find new types of drugs that can effectively block
ROS1 mutations. The functional consequences, prevalence
across diverse cancer types, and potential therapeutic targets
or clinical implications associated with ROS1 (G2032R
and D2033N) mutations warrant further exploration. Our
investigation, utilizing MD simulation results encompassing

RMSD, RG, SASA, secondary structure, and essential
dynamics, reveals structural instability in the ROS1 protein.
Notably, our findings affirm that the G2032R and D2033N
mutations exhibit deleterious effects, severely impacting the
stability of ROS1. Finally, these mutations significantly alter
the conformational dynamics of the ROS1 protein, leading
to functional impairment. This alteration may potentially
contribute to the development of cancer, emphasizing the
critical role of understanding the molecular basis of these
mutations for targeted therapeutic interventions.
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